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Abstract Sticholysin II (Stn-II) is a pore-forming cytolysin.
Stn-II interacts with several supports for size exclusion
chromatography, which results in an abnormal retardation
precluding molecular mass calculations. Sedimentation equili-
brium analysis has revealed that the protein is an associating
system at neutral pH. The obtained data fit a monomer-tetramer
equilibrium with an association constant Kc4 of 10
9 M33. The
electrophoretic pattern of Stn-II treated with different cross-
linking reagents, in a wide range of protein concentrations,
corroborates the existence of tetrameric forms in solution. A
planar configuration of the four monomers, C4 or D2 symmetry,
is proposed from modelling of the cross-linking data.
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1. Introduction
Sticholysin II (Stn-II) is a cytolytic protein isolated from the
sea anemone Stichodactyla helianthus. This organism, like oth-
er coelenterates, produces many toxic polypeptides, mainly
neurotoxins and cytolysins, involved in mechanisms of de-
fence and/or attack. Stn-II was described more than 20 years
ago [1] as a potent hemolytic protein, formerly named cyto-
lysin III. More than 20 cytolysins have been isolated from
di¡erent sea anemones [2], tenebrosin C from Actinia tenebro-
sa [3], equinatoxin II from Actinia equina [4], and Stn II [5]
being the most studied. These cytolysins belong to a protein
family called actinoporins [6^8] and are composed of a single
polypeptide chain of about 175 amino acid residues (lacking
cysteines), which display a strong sequence similarity. These
cytolysins also show a similar action on lipid model mem-
branes promoting the formation of pores [5,9^13]. The kinetic
analysis of this leakage of aqueous contents of model vesicles
revealed that oligomerization of these proteins, three to four
monomers, is apparently involved in the membrane permea-
bilization [5,10,12,13]. Experiments performed with chemical
cross-linkers and ultracentrifugation studies with the native
protein have revealed that Stn-II displays a monomer to tet-
ramer associating equilibrium in the absence of membranes.
This ¢nding opens the possibility of explaining the cytolytic
activity of these proteins in terms of their intrinsic tendency to
oligomerization. We herein report the results obtained from
such studies.
2. Materials and methods
Stn-II has been isolated from extracts of specimens of S. helianthus
purchased from Nayeco (Barcelona, Spain) as previously described
[5]. The puri¢cation procedure includes two chromatographic steps,
gel ¢ltration on Sephadex G-50 and ion exchange on CM-cellulose
CM-52. This procedure renders sequence-degree puri¢ed protein [5].
Ultracentrifugation measurements were performed on a Beckman
Optima XL-A analytical ultracentrifuge equipped with absorbance
optics, in an An60Ti rotor. The protein was equilibrated in 15 mM
MOPS, pH 7.0, containing 0.1 M NaCl. Short column experiments
(70 Wl of protein sample at a concentration ranging from 8 to 400 WM;
0.15^10 mg/ml) were carried out at two consecutive speeds (15 and
20 krpm) by taking absorbance scans (0.001 cm step size, 10 averages)
at the appropriated wavelength (250, 295 or 300 nm) after the sed-
imentation equilibrium was reached. Double-sector centerpieces of
charcoal-¢lled Epon (3 or 12 mm optical path) were used. The equi-
librium temperature was 25‡C. High speed sedimentation (40 krpm)
was conducted afterwards for baseline correction in all the cases. The
buoyant molecular mass of the protein was estimated by ¢tting a
sedimentation equilibrium model for a single sedimenting solute to
individual data sets with the EQASSOC program (supplied by Beck-
man Instruments; see [14]). These values were converted to the cor-
responding average molecular masses by considering 0.736 ml/g as the
partial speci¢c volume of Stn-II, which was calculated according to
[15] from the amino acid composition of the protein. Several models
of self-association (monomer-dimer, monomer-trimer, and monomer-
tetramer; see [16]) were globally ¢tted to multiple sedimentation equi-
librium using the MULTEQ3B program kindly supplied by Dr. Allen
Minton (National Institutes of Health, USA).
bis-(Sulfosuccinimidyl) suberate (BS3), dithiobis-(sulfosuccinimidyl-
propionate) (DTSSP) and glutaraldehyde were used as cross-linking
reagents. Puri¢ed Stn-II (sequence-degree; see [5]) shows a certain
amount of dimeric form by SDS-polyacrylamide gel electrophoresis.
This has also been reported for equinatoxin II from A. equina [10].
The proportions of the di¡erent oligomer fractions resulting from the
cross-linking were calculated without any correction for this small,
variable fraction of non-covalent dimer. The cross-linking reaction
was performed by adding a small aliquot (2^3 Wl) of a concentrated
freshly prepared cross-linker solution to the protein sample, at the
required concentrations. Both protein and cross-linker were prepared
in 15 mM MOPS, pH 8.0, containing 0.1 M NaCl. The reaction
mixture was incubated at room temperature and it was quenched at
the required time intervals by addition of either Tris 1 M (0.1 M ¢nal
concentration) or NaBH4 dissolved in 0.1 M NaOH (50 mM ¢nal
concentration) for BS3 and DTSSP or glutaraldehyde, respectively.
The cross-linking produced by DTSSP can be reversed by treatment
with 25 mM dithiothreitol at 37‡C for 30 min upon reduction of the
disul¢de bridge of the reagent. After addition of 5 ml of the electro-
phoresis loading bu¡er 3U to each aliquot, the cross-linked products
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were analyzed by SDS-polyacrylamide gel electrophoresis following
standard procedures [17]. Silver staining of the gels, when required,
was performed as described [18]. Volumograms from the stained gels
were obtained on a photodocumentation system UVI-Tec using the
software facility UVIsoft UVIband Windows Application V97.04.
Circular dichroism measurements were performed on a Jasco J-715
spectropolarimeter at 25‡C with thermostatted cylindrical cells. Data
were expressed in units of degree cm2 dmol31 of residue (110 mean
residue mass for the amino acids of this protein).
Estimation of the apparent molecular mass of Stn-II in neutral
solutions (15 mM MOPS, pH 7.0, containing 0.1 M NaCl) by size
exclusion chromatography was performed on di¡erent columns: (con-
ventional techniques) Sephadex G-50 super¢ne gel (cross-linked dex-
tran-derived matrix) from Pharmacia, and Biogel P-60 (polyacryl-
amide-derived gels) from Bio-Rad; (FLPC techniques) Superdex
75 HR 10/30 (dextran covalently bonded to cross-linked agarose
beads) from Pharmacia; (HPLC techniques) Ultraspherogel-SEC
3000 (silica bonded with hydrophilic coating) from Beckman Instru-
ments. In all cases, appropriated molecular mass markers were used
for calibration.
3. Results and discussion
Sedimentation equilibrium analysis of Stn-II reveals that
this protein is an associating system at neutral pH and in
the presence of 0.1 M NaCl, conditions at which the cytolysin
promotes leakage of aqueous contents of lipid model vesicles
[5]. At low protein concentration (7.8^10.0 WM), the average
molecular mass of Stn-II resulting from the centrifugation
analysis is 19 600, which closely agrees with the theoretical
mass value (19.3 kDa) calculated from the amino acid se-
quence of the protein [21]. That molecular mass value in-
creases with protein concentration, a typical behavior of an
associating system [19,20]. The association system that best
¢ts the experimental data corresponds to a monomer-tetramer
equilibrium, with an association constant KC4 of 10
9 M33 (Fig.
1).
It is well known [22^27] that chemical cross-linking with
bifunctional reagents is a valuable tool for studying the qua-
ternary structure of proteins. When an oligomeric protein is
treated with a cross-linking reagent, many derivatives can be
expected: (i) adducts in which one of the reactive groups of
the reagent remains intact; (ii) cross-links within each poly-
peptide chain; (iii) cross-links between polypeptides of the
oligomer; (iv) cross-links between oligomers. This latter pos-
sibility becomes less possible at lower protein concentration
(6 10 WM [22]; in this case 6 0.2 mg/ml), whereas the prob-
ability of cross-linking within an oligomer is una¡ected. Thus,
the number of bands observed after SDS-polyacrylamide gel
electrophoresis of a cross-linked protein at low protein con-
centration should correspond to the number of subunits in the
original protein structure. A tetramer protein renders four
bands corresponding to the monomer, dimer, trimer and tet-
ramer cross-linked forms, although within each molecular
mass category there are a variety of species with di¡erent
numbers of intra- and intermolecular cross-links. The relative
amount of each observed band depends on the probability of
intermolecular cross-linking, which arises from the particular
three-dimensional structure of the protein. Fig. 2 summarizes
the results obtained from cross-linking experiments of Stn-II.
Glutaraldehyde, BS3 and DTSSP were used as cross-linkers
and the obtained results were similar in terms of the number
of bands observed after electrophoresis, although a larger ex-
tent of cross-linking can be obtained with glutaraldehyde
(nevertheless, higher concentrations of the dialdehyde are re-
quired for cross-linking). SDS-polyacrylamide gel electropho-
resis of cross-linked Stn-II reveals the existence of protein
bands ranging from monomer to tetramer (Fig. 2A,B). The
cross-linked oligomers resulting from treatment with DTSSP
render the monomer form upon reduction of the disul¢de
Fig. 1. Sedimentation equilibrium analysis of Stn-II at di¡erent pro-
tein concentrations: (a) 10.05 mg/ml; (b) 7.57 mg/ml; (c) 5.03 mg/
ml. The residuals (di¡erence between the experimental data and the
¢tted data for each point) are shown in the top panel.
Fig. 2. A: Representative SDS-polyacrylamide gel electrophoresis
pattern of chemically cross-linked Stn-II: (1) molecular mass (kDa)
markers; (2) uncross-linked Stn-II; (3) cross-linked Stn-II after
treatment with 100 mM glutaraldehyde for 10 s at 1 mg/ml protein
concentration; (4) cross-linked Stn-II after treatment with 1 mM
DTSSP for 1 min at 0.5 mg/ml protein concentration; (5) sample
cross-linked as in lane (4) after reduction with 25 mM dithiothreitol
at 37‡C for 30 min. The arrows point to the bands corresponding
to: (Mon) monomer; (Dim) dimer; (Tri) trimer; and (Tet) tetramer.
Gels were stained either with Coomassie blue or with silver depend-
ing on the cross-linked protein concentration. B: Volumogram of
lane 3 in the gel shown in A. The optical density volume is ex-
pressed in arbitrary units. (1) Monomer; (2) dimer; (3) trimer; and
(4) tetramer forms. C: Natural logarithm of the relative electropho-
retic mobilities (ln RF) versus scale of successive integers for the
bands obtained after SDS-PAGE of cross-linked Stn-II. Values are
the average for 10 di¡erent determinations. D: Plot of W, the overall
degree of cross-linking, calculated as W=4n (n31)U[fractionnÿmer]
[30] from the image analysis of the corresponding SDS-PAGE
plates, versus (b) BS3 and (F) glutaraldehyde concentration, for a
2.5 WM Stn-II concentration. E: Kinetic analysis of the W value de-
termined from the electrophoretic analysis of the cross-linking ob-
tained with (F) 0.1 mM BS3 and (b) 1 mM glutaraldehyde at 2.5
WM Stn-II concentration. F: Ellipticity at 218 nm of Stn-II, ex-
pressed in units of degree cm2 dmol31 of residue, versus guanidi-
nium hydrochloride concentration.
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bridge of the bifunctional reagent (Fig. 2A), thus discarding
the possibility of non-covalent SDS-resistant species origi-
nated upon cross-linker treatment [28]. The relative electro-
phoretic mobility of each observed band is a regular function
of its number of polypeptide chains (Fig. 2C), which is one of
the reassurances that should be provided in this type of ex-
periments. This result was obtained in a wide range of protein
concentrations, 0.05^7.50 mg/ml (2.5^375.0 WM). It is also
important to mention that this pattern is observed even at a
very short reaction time (1 min) and remains constant during
the studied period. The kinetics of the cross-linking can be
followed only when very low protein and reagent concentra-
tions are used (Fig. 2E). In some cases, particularly at low
protein concentration and high reagent concentration, the ob-
served bands are split into several sub-bands of equal or high-
er electrophoretic mobility (equal or lower apparent molecular
mass). This has also been observed for other cross-linked pro-
teins and it was interpreted in terms of the presence of poly-
peptide chains not completely unfolded by SDS because of the
stabilizing e¡ect of the cross-linker [29]. Increase of the SDS
concentration in the electrophoresis did not alter the pattern,
thus suggesting that a large number of intrachain cross-links
is formed under such conditions avoiding saturation of the
polypeptides by the detergent. Higher molecular weight bands
are observed when the protein concentration and/or the reac-
tion time is increased. At protein concentrations higher than
1.5 mg/ml and reaction times longer than 5 min, the cross-
linking reaction results in the production of some insoluble
material. The characteristic cross-linking pattern of Stn-II is
observed even in the presence of 3 M guanidinium hydro-
chloride. An increase of the denaturant concentration abol-
ishes the cross-linking. This fact is related to protein unfold-
ing, which occurs at concentrations higher than 4 M
guanidinium hydrochloride as revealed by circular dichroism
measurements (Fig. 2F).
The cross-linking results were analyzed using model calcu-
lations based on di¡erent potential arrangements of four
monomers and the probabilities of forming cross-links within
each oligomeric structure [29,30]. Fig. 3 summarizes this anal-
ysis. Linear, tetrahedral and cyclic planar arrangements were
compared with the theoretical distribution resulting from a
random collisional cross-linking. Random collisional cross-
linking between monomeric proteins may be of signi¢cance
at high protein concentrations. For instance, it must be con-
sidered for membrane-bound proteins since they can exist at
su⁄ciently high local densities. However, this phenomenon
should not be of signi¢cance for proteins in aqueous solution
at low concentrations. Nevertheless, we also considered this
possibility in the model calculations for comparison. The ex-
perimental results show the best ¢t to a planar arrangement of
the four protein monomers, C4 symmetry, although a D2
symmetry, in which the molecule behaves as two pairs of
subunits, with a small di¡erence between the probabilities of
cross-linking at the two di¡erent interfaces cannot be dis-
carded (Fig. 3).
Completion of the cross-linking process so that only the
highest order oligomer is detected (in this case the tetramer)
is not always obtained even for well established tetramers,
because at a high cross-linker concentration the probability
of ¢nding two free reacting target residues within the protein
would be very low. It is important to note that an intermo-
lecular cross-link requires two free O-amino groups, each of
them in a di¡erent monomer. The case of cross-linking of a
monomer to tetramer associating protein such as Stn-II is
more complicated. The intermolecular cross-linking within
the tetramer would shift the mass equilibrium towards the
associated form since the cross-linked monomers cannot dis-
sociate ; however, intramolecularly cross-linked monomers
could not participate in intermolecular reactions as mentioned
above. Regarding this, it is known that chemical modi¢cation
of amino acid side chains can lead to dissociation of multi-
subunit proteins [31]. Thus, as the cross-linker concentration
increases, the extent of the Stn-II cross-linking should de-
crease for a ¢xed protein concentration, which is precisely
the observed behavior (Fig. 2D). The parallel trend obtained
for the two di¡erent reagents somehow eliminates the possi-
bility of particular details of the chemical reactions being re-
sponsible for this behavior, pointing to an intrinsic property
of Stn-II.
Chemical cross-linking (with dimethyl suberimidate in PBS
bu¡er at pH 9.0) experiments performed with equinatoxin II
from A. equina have revealed the existence of protein bands
corresponding to up to seven monomers in the presence of
small unilamellar vesicles composed of sphingomyelin/phos-
phatidylcholine (4:1 molar ratio) [10]. Analysis of the relative
probability of occurrence of each oligomeric state for the
membrane-bound protein revealed the best ¢t for a model
of a preexisting tetramer [10]. No protein aggregate of size
larger than two was observed in the absence of membranes
[10]. This discrepancy with the cross-linking observed for Stn-
Fig. 3. Statistical composition of the mixture of (1) monomer, (2)
dimer, (3) trimer and (4) tetramer after theoretical cross-linking of a
protein composed of four polypeptide chains, assuming: (B) a linear
arrangement; (C) a tetrahedral arrangement; (D) a planar arrange-
ment with C4 symmetry (a planar arrangement with D2 symmetry,
p and 0.8 p being the probabilities of cross-linking at the two di¡er-
ent interfaces [29], would render similar results). The results ob-
tained for (A) a random collisional cross-linking [30] are also in-
cluded. The plots (continuous lines) represent the relative amount of
the n-mer compound (fraction n-mer) versus W, the overall degree of
cross-linking, calculated as W=4n (n31)U[fraction nÿmer] [30]. The
experimental results obtained from the cross-linking experiments
with Stn-II for (b) monomer, (a) dimer, (F) trimer, and (E) tet-
ramer are included. The relative amount of each n-mer compound
was calculated from the volumetric analysis of the image of either
the Coomassie blue- or silver-stained SDS-polyacrylamide gels of
the cross-linked samples at di¡erent protein and reagent concentra-
tions and reaction times. The best ¢t between theoretical and experi-
mental results is observed in panel D.
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II may be related to the pH employed for equinatoxin II (pH
9.0), in opposition to the pH used in this case (pH 8.0), since
it has been reported that equinatoxin II may exist in a slightly
altered conformation at around pH 9.0 [32]. However, it
should also be emphasized that at pH 9.0 the chemical reac-
tivity of the O-amino group is higher than at pH 8.0 because
the reactive form is the de-protonated species and, in addition,
such an experiment was performed at 5.5 mM reagent con-
centration, conditions under which the extent of the intermo-
lecular cross-linking would be very low, as discussed above, if
equinatoxin II also behaves as an associating protein. In ad-
dition, dimethylsuberimidate usually renders lower yields of
cross-linked products due to the competition between hydrol-
ysis of the free imidoester group and cross-linking at each
reagent molecule bound to a lysine amino group [33].
Stn-II has been considered to be a single polypeptide chain
protein based on the results obtained from SDS-polyacryl-
amide gel electrophoresis. Gel ¢ltration experiments with the
native protein failed to give valuable results due to a non-
speci¢c interaction with the chromatographic matrix, resulting
in an abnormal retardation of the protein. Fig. 4 shows the
elution pro¢le of native Stn-II from chromatography on
Superdex-75. Protein elutes at the total volume of the column.
Similar results have been obtained with other molecular ex-
clusion chromatographic beds (Sephadex, Sepharose, Ultro-
gel, BioGel, HPLC-Ultraspherogel ; data not shown). Such
an abnormal behavior is abolished at pH 11.0 or 3.5. In
fact, the protein elutes at a position corresponding to a mo-
lecular mass of 19 kDa at these extreme pH values (Fig. 4).
The obtained results demonstrate that Stn-II behaves as a
monomer-tetramer associating system. The interaction with
lipid membranes would promote an increased protein concen-
tration at the bilayer surface favoring the tetrameric form of
the protein, this form being responsible for the cytolytic prop-
erties of the protein as all the kinetic data of the membrane
permeabilization suggested. The properties of the pore may be
due to the particular structure of the tetramer. The di¡erent
susceptibility of lipid vesicles with di¡erent composition to be
permeabilized may be explained in terms of the lateral di¡u-
sion of the protein in the plane of the membrane.
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